The Illinois River is a tributary of the Mississippi River that connects Lake Michigan and the Mississippi River. Starting in 1848 when the Illinois and Michigan Canal began to open, the Illinois River has experienced some major human activities such as the Lake Michigan flow diversion, creation of levee and drainage districts on floodplains, and construction of locks and dams on the river. This paper uses Pettitt-Mann-Whitney change-point statistical analysis to identify the hydrologic change points caused by human activities and to quantify hydrologic alterations in the system. Observed stage data from 12 U.S. Army Corps of Engineers gauges and observed flows from three U.S. Geological Survey gauges were used to analyze human effects on hydrologic and hydraulic conditions in the Illinois River. The year 1938 was identified as the change point for low flows and low stages and 1972 as the change point for high flows and high stages. The low flow and stage condition changes were due to a combination of added flow from Lake Michigan, levee and drainage district construction, and construction of locks and dams, whereas the high flow and stage condition changes were due to hydroclimatic change within the Illinois River basin. Analyses based on the Indicators of Hydrologic Alteration (IHA) have shown that the magnitudes, frequency, duration, and number of reversals during low flood conditions were greatly modified by: (1) the construction of locks and dams on the Illinois River that were completed in 1938, (2) the reduction of flow diversion from Lake Michigan, and (3) the hydroclimatic condition change around 1972. The latter change probably contributed to the loss of both soil-moist plants and submerged aquatic plants that once provided several important ecosystem services in the system. The analyses described in this paper, coupled with hydraulic and ecological models, can help with site selection and management plans for the ecosystem restoration of floodplains in regulated rivers.
Introduction
The Illinois River is a major tributary of the Mississippi River and an important waterway that connects the Great Lakes at Chicago with the Mississippi River at Grafton. The river is approximately 439 km long and drains 72,701 ðkm 2 Þ, about 44% of the land area of the state of Illinois (Talkington, unpublished report, 1991) .
Since construction of a canal connecting Lake Michigan and the Illinois River first began in 1836, the Illinois River has been markedly affected by humans. Flow diversion from Lake Michigan began in 1848 at about 14 m 2 ∕s. After the much larger Chicago Sanitary and Ship Canal opened in 1900, the diversion peaked at about 240 m 2 ∕s in 1925. The diversion flow was reduced to 184 m 2 ∕s in 1930, further reduced to 142 m 2 ∕s in 1935, and then to 42 m 2 ∕s after 1938. After March of 1970, the five-year average diversion flow was required to be at 91m 2 ∕s or about 18 m 2 ∕s per year. The diversion could have had a great impact on the low flow in the Illinois River. More details about the history of Lake Michigan flow diversion into the Illinois River can be found in Changnon and Changnon (1996) .
Construction of levee and drainage districts (LDDs) on the Illinois River floodplains began around the 1880s to claim more area for farming. In 1904, while conducting a survey, the U.S. Army Corps of Engineers (USACE) reported the existence of less than six drainage districts. Alvord and Burdick (1915) reported that between 1908 and 1915, 40% of the river valley was reclaimed. By 1915 only 20% of the floodplain remained unleveed along the lower 110 km of the river (Alvord and Burdick 1915) .
In the 1930s seven locks and dams (L&Ds) were built on the Illinois River to maintain a 9-f or 2.74-m water depth within each pool for navigation (Fig. 1) . The Peoria L&D was completed in 1938, La Grange L&D in 1939, and five other L&Ds in 1933. A series of 27 locks and dams were also built on the Mississippi River to maintain a 9-f or 2.74-m water depth for navigation.
The human alterations described above plus natural climate conditions have affected hydrologic and hydraulic conditions that in turn have affected ecosystems on the Illinois River and its floodplains. Koel and Sparks (2002) studied the impact of changes in the water level patterns of the Illinois River on young fishes. Several highly valued native species benefitted from long-duration spring floods that rise and fall gradually, a natural flood pattern that was 1 Professional Scientist, Illinois State Water Survey, Institute of Natural Resource Sustainability, Univ. of Illinois at Urbana-Champaign, 2204 Griffith Dr., Champaign, IL (corresponding author). E-mail: ylian@ illinois.edu 2 Assistant Professor, Dept. of Civil Engineering, National Taiwan Univ., No. 1, Sec. 4, Roosevelt Rd., Taipei, Taiwan. E-mail: genejyu@ntu .edu.tw 3 Director of Research, National Great Rivers Research and Education Center, 5800 Godfrey Rd. HK129 Godfrey, IL. E-mail: rsparks@illinois .edu typical in the period from 1879 to 1899. Adult fishes access spawning areas on the floodplain during spring floods and the young fishes have time to feed and grow before the water gradually recedes back into the permanent channels and floodplain lakes. IKoel and Sparks (2002) found that in the postdam and postdiversion era from 1979 to 1999, the same fishes were adversely affected by increased water level fluctuations and increased rates of rise and fall. Unnatural water level fluctuations adversely affect vegetation, as well as fishes (Ahn et al. 2004) . Vegetation is important because it stabilizes shorelines and provides food and habitat for many species of fish, mammals, and waterfowl that are highly valued by humans. The greatest plant diversity on floodplains is maintained where floods occur frequently enough at lower land elevations and at the right time of year to eliminate competitors of plants that are flood-adapted, but not so frequently that not even the flood-adapted species can grow (Ahn et al. 2006; Sparks et al. 2005) . This paper analyzes historic records from 12 stage and three flow gauges on the Illinois River to determine patterns of change. The writers discuss likely causes of the changes and impacts on the river ecosystem.
Methodologies
Two primary methods were used in this study. Pettitt-MannWhitney change-point statistics (Pettitt 1979 (Pettitt , 1980 were used to identify the hydrologic change points in stage and flow time series data from the Illinois River and a portion of the Mississippi River near the junction of both rivers. Stage and flow data were obtained from USACE Rock Island and St. Louis Districts. Twelve stage and three flow gauges on the Illinois River (Table 1) with continuous and long-term records were used in this study.
The Indicators of Hydrologic Alterations (IHA version 7.1) (Richter et al. 1996 (Richter et al. , 1998 were then used to evaluate hydrologic alterations of flow and stage data in periods before and after change points.
Change-Point Analysis
Let n be the length of the time series and t be the time of the most likely change point. A time series of n years of flow or stage can be divided by the time t into two sample groups, fX 1 ; X 2 ; :::; X t g and fX tþ1 ; X tþ2 ; :::; X n g. Define the test statistic index U t as Pettitt (1979) developed the following procedure to determine whether the change point was statistically significant. First, the test statistic K t and the probability that a change point associated with maximal jU t j can be approximated by
Eqs.
(1)-(3) yield the change point with an estimated probability of P. If P is less than 0.05, the change point is statistically significant.
Indicators of Hydrologic Alterations
The Indicators of Hydrologic Alteration (IHA version 7.1) is a statistical package that computes 33 parameters or indices from historic flow or stage records. It was developed by Richter et al. (1996 Richter et al. ( , 1998 and supported by The Nature Conservancy (TNC). These parameters can be placed in five groups that are relevant to ecological conditions: (1) magnitude of monthly water conditions, (2) magnitude and duration of annual extreme conditions, (3) timing of annual extreme conditions, (4) frequency and duration of high and low pluses, and (5) rate and frequency of condition changes (Richter et al. 1996) . For example, if the annual flow minimums are exceptionally low during the growing season (groups 2 and 3), then soil moisture in adjacent riparian zones and floodplains would probably be low, stressing plants. If flow minimums are exceptionally high, then prolonged inundation of riparian zones and floodplains would cause oxygen depletion in the root zone, stressing and possibly killing the roots. The timing of annual extreme discharge conditions would affect the life cycles of organisms that are adapted to the natural flood cycle. Richter et al. (1998) introduced a method named the "range of variability approach" (RVA) to quantify the degree of alteration for each hydrologic parameter in IHA. In the RVA analysis, the full range of premodification data is divided into three different categories. For the nonparametric analysis, which was used in this study, the boundaries between categories are based on the percentile values, whereas for the parametric analysis the boundaries are based on the standard deviations from the mean. This study used percentiles from the median, so the lowest category contains all values less than or equal to the 33rd percentile, the middle category contains all values falling in the range of the 34th and 67th percentiles, and the highest category contains all values greater than the 67th percentile. The hydrologic alteration (HA) factor for each of the three categories is calculated as
A positive HA value means that the frequency of values in the category has increased from the preimpact to the postimpact period with a maximum value of infinity. Negative values, with a minimum value of À1, indicate that the frequency of values has decreased. The degree of alterations (HA) are classified into little or no alteration (0%-33% indicated by L), moderate alteration (34%-367% indicated by M), and high degree of alteration (68%-3100% indicated by H), as in Richter et al. (1998) . Olden and Poff (2003) examined 171 available hydrologic indices including all 33 in IHA for their redundancy in applications. They found that IHAs could adequately represent the entire ordination space and capture the majority of the information from all available 171 indices. However, their finding indicated that some IHA indices, such as the monthly average flows, are highly intercorrelated. Olden and Poff suggested that the number of significant IHA indices can be identified if principal component analysis is conducted to the data sets so the analysis can be more efficient. Gao et al. (2009) further evaluated the redundancy of IHA indices and proposed metrics termed ecodeficit and ecosurplus parameters, which include a total of 10 parameters. A comparison study between ecodeficit and ecosurplus and IHA indices will soon be conducted for the Illinois River Basin; the writers hope that the most significant indices can be identified to provide guidance for the ecosystem restoration effort of the Illinois River systems.
Results and Discussion

Stage and Flow Change Points
Of the nine stations ( Fig. 2) on the Illinois River with long-term records starting in 1920 or earlier, seven identified 1938 as the change point for low stage and low flow ( Table 1 ). The two exceptions were the gauges at Henry and Beardstown. The change in 1938 was due to both the reduction of diversion flow from Lake Michigan and the construction of locks and dams on the river. The change point for high stage and flow conditions, which were caused primarily by hydroclimatic fluctuations in the Illinois River basin, was 1972 (Smith and Richman 1993) . Analysis based on monthly stage and flow data also showed that the Illinois River experienced major changes from 1936 to 1939 and from 1964 to 1972 ].
Hydrologic Alterations of the Illinois River
The writers conducted the IHA analysis on the Illinois River for periods before and after 1938 (date determined by the change-point analysis described previously). For the pre-and post-1938 analysis, all available historic data were used. The 27 parameters selected for the analysis include the monthly average stage and flow; 1-, 7-, 30-, and 90-day minimum and maximum average stage and flow; date 1910 -2002 1949 , 1953 , 1954 , 1956 1972 Peoria pool stage 1936 -2002 1957 , 1964 , 1972 , 1979 1972 La Grange pool Peoria tail stage 1936 -2002 1938 , 1943 , 1947 , 1957 1972 Kinston mine stage 1911 -2002 1938 1972 Kinston mine flow 1940 -2000 1966 , 1967 1972 Copperas creek stage 1910 -1997 1938 1972 Havana stage 1910 -2002 1938 1972 Beardstown stage 1910 -2002 1945 , 1948 , 1955 1972 Alton pool La Grange tail stage 1938 -2002 1966 , 1967 1972 Meredosia stage 1910 -2002 1938 1972 Valley City stage 1910 -2003 1938 1972 Valley City flow 1939 -2000 1965 , 1966 , 1967 1972 Hardin stage 1932 -2003 1964 , 1965 , 1966 1972 Illinois River mouth Grafton stage 1929 -2002 1961 , 1965 , 1968 , 1969 1968 Grafton flow 1933 -1998 1967 , 1977 1968 JOURNAL when minimum and maximum stage and flow occurred; low and high pulses and their durations; and number of reversals.
Magnitude of Monthly Mean Stage and Flow
After 1938, the median monthly river stages declined for every month except for May and June at the Havana gauge, midway along the length of the Illinois River (Table 2 ). The frequency of low river stages increased after 1938 (HA indices are all positive), while the frequency of stages within AE17% of the median decreased (HA indices are all negative). Results varied by month for frequencies of high river stages. High stages occurred more frequently after 1938 in March, April, May, and June but less frequently in all other months.
The stage reductions after 1938 had the potential to benefit moist-soil plants because they could expand onto additional mudflats, where their competitors (trees) had been eliminated by the higher water levels prior to 1938. However, the realization of that potential depends on additional factors, discussed later, including the duration of low stages during the summer growing season (days-of-the-year 166 to 285, approximately mid-June to mid-October). Moist-soil plants require a period of 70-85 days with little or no flooding to achieve at least 50% of their maximum potential growth (Ahn et al. 2004) . With regard to fish, one might expect their habitat to decrease with the decline in water volume associated with declining river stages, but as with plants, the relationship between fish production and water levels depends on more than just water volume or surface area.
The causes of the hydraulic alterations in the Illinois River (Table 3 ) before and after 1938 presumably were reduced diversion flow from Lake Michigan after 1938 and operation of locks and dams on the river since 1939. Overall, flow diversion had more impact on river stages in the upstream portion of the river, closest to Lake Michigan, where the monthly averaged river stages at the Marseilles, La Salle, Peoria Tail, Kingston Mines, and Copperas Creek stations all dropped. The impact of Lake Michigan diversion diminished with distance downstream, but was still evident in the stages recorded in the upstream ends of the dam-controlled pools such as Peoria, La Grange, and Alton pools. However, the stages recorded at the downstream ends of the pools were more strongly influenced by the dams. For example, in the Peoria and La Grange pools, river stages in the summer months (typically the low flow season) increased after 1938.
Results from the Alton pool must be interpreted separately, because this pool is at the downstream end of the Illinois River and is open to, and therefore influenced by, the Mississippi River. The completion of lock and dam 26 on the Mississippi in 1939 had a backwater effect on the Alton pool. The Grafton station is located on the Mississippi River, downstream of the Illinois River and Mississippi River junction. Its monthly median water level rose from 1 m to as high as 3.84 m ( Table 3 ). The water level at Hardin increased from 0.92 to 2.41 m. For most of the months at most of the stations, the changes ranged from a medium (M) to high degree of change (H) according the HA analysis (Table 4) . A negative HA in Table 4 indicates that the frequency is less after 1938 than expected based on the pre-1938 data. For example, the stages at the Grafton gauge are higher after 1938, but the frequency of high stages (greater than the 67th percentile) is less (negative sign). This result is reasonable, because the downstream dam raised water levels upstream to maintain water levels for navigation during low flows, but the dam is also operated to reduce water level fluctuations as measured at the Grafton gauge.
Magnitude and Duration of Annual Extreme Conditions
The magnitude and duration of annual extreme flow or stage conditions determine the minimum and maximum annual water stage or flow. Durations, including 1-day (daily), 7-day (weekly), 30-day (monthly), and 90-day (seasonal), are used to represent the extreme conditions on different time scales. Extremes on short time scales affect fish and other aquatic organisms. For example, an extreme low stage in midwinter may cause a shallow backwater to freeze solid, killing overwintering fishes. Extremes at the longer time scales affect aquatic animals, but have an especially pronounced effect on plants, some of which require low water levels during the summer growing season.
At the Havana gauge on the Illinois River, the median stages for 1-, 7-, 30-, and 90-day average minimums have declined since 1938, but the maximum 1-, 7-, 30-, and 90-day average stages have increased (Table 2 ). Fig. 4 shows a drop in the 7-day average minimum stages after the change point in 1938 at Havana. The HA values for middle and high stage categories were close to -100%, indicating less frequent medium to high water levels after 1938. The HA values for the low category stage were all positive, indicating the frequency of low water levels has increased after 1938. 
Since 1938 flow diversion and locks and dams have a great impact on the minimum stages but not so much on the high flood levels (Table 5 ). For the minimum river stages of 1-, 7-, 30-, and 90-day durations, stations close to the downstream ends of locks and dams, such as Henry, Beardstown, and La Grange, had a clear rise, whereas stages in the upstream areas of the pools dropped due to reduced flow from the diversion. The hydrologic alterations for the 1-, 7-, 30-, and 90-day averaged minimum stages were in the high category, indicating large alterations. The 1-, 7-, 30-, and 90-day averaged maximum river stages increased at almost all stations; however, almost all fell into the low categories, except that La Salle was in the medium category for the 30-day duration. The HA changes for the maximum stages were mostly positive, indicating that more frequent high flood stages were observed after 1938.
The study by Magilligan and Nislow (2005) showed that locks and dams on the Kaskaskia River in Illinois caused an increase in the 1-day and 7-day minimums flows. Pyron and Neumann (2008) also concluded from their study on the Wabash River watershed in the United States that upstream dams would increase the minimum flows for 1-, 3-, 7-,and 30-day intervals. On the contrary, the present analysis showed that the 1-day and 7-day minimum flows dropped on the Illinois River because of the dominant impact of diversion flow reduction from Lake Michigan since 1938 over the lock and dams.
Occurrence Time of Annual Minimum and Maximum
Other measures for hydrologic alterations include the time of annual extreme conditions, the frequency and duration of high/low flow or stage pulses, and the rate/frequency of hydrograph changes. The occurrence time of annual extreme conditions includes two parameters: the Julian dates of the 1-day annual minimum and maximum water conditions. These two parameters are crucial for the seasonal feature of the hydrologic conditions. Even though the median for the date of the minimum was delayed for only 2.5 days and 13.5 days for the maximum, the RVA range for the date of the minimum changed from 193-359 to 3-325 Julian days, and for the date of the maximum the AVA ranges were similar in the pre-and postmodification conditions ( Table 2 ). The median changes for dates of the minimum and maximum were 11 and 12.5 days, respectively.
For the Illinois River, the occurrence of the minimum stage condition (Table 6 ) was delayed at all stations because of the controlled and raised water levels. In the La Grange pool, stations close to the La Grange lock and dam had more delays than those upstream. The time for the maximum stage to occur was delayed by 1-2 weeks except for stations close to the locks and dams where the occurrence time moved ahead by 2 weeks at Grafton and about 10 weeks at the La Grange pool gauge. On average, the timing of the maximum stage at Marseilles, La Salle, and Henry began 2-3 weeks earlier in the post-change point. The hydrologic alterations for the occurrence time of the minimum stage fell in the low category for most stations, and the occurrence times of the maximum stage were mostly in the medium category. Such substantial changes in the timing of the maximum and minimum water levels have probably contributed to loss of both moist-soil plants and submersed aquatic plants, as has the increased number of water level fluctuations during the growing season, described later (Ahn et al. 2006; Bellrose and Paveglio 1979) . Timing is also important to fishes. Spawning activity of many fishes is triggered by both rising water and rising temperatures in the spring. In the winter, many fishes must find areas that do not freeze solid, go anoxic, or require swimming against a current when metabolic activity is low. Koel and Sparks (2002) found that the 30-day maximum stage (spring and total annual), 30-day minimum stage (total annual), and 1-day minimum stage (winter) were among the hydrologic variables that were correlated with the annual catch of young fish in the Illinois River.
Frequency and Duration of High and Low Pulses
A hydrologic pulse is defined as water conditions either rising above the 75th percentile (high pulse) or falling below the 25th percentile (low pulse) of all daily values. IHA determines the number and mean duration of high and low pulses within a year. The change of median low and high pulse counts has increased by 3 and 1, respectively, but the durations for low and high pulses were reduced by 14 and 6 days, respectively. The increase in frequency and decrease in duration were caused largely by lock and dam control and operations. Increased pulse counts during the summer growing season drown moist-soil plants. Even submersed aquatic plants are adversely affected, because the increased water depths decrease light penetration and reduce photosynthesis. A secondary effect is that floodplain lakes and backwaters that expand as a result of flooding have a greater wind fetch, which generates larger waves that can uproot the plants or resuspend sediments, further reducing light penetration.
Data in Table 6 show that both low and high pulses close to locks and dams were reduced slightly after 1938 but increased slightly in the upstream of each pool. Correspondingly, hydrologic alterations fell in the high category right above locks and dams, whereas alterations in the upstream of each pool were medium or low. In general, durations of low and high pulses were reduced for a large portion of the river and hydrologic alterations were mostly in the medium and high categories.
Rate and Frequency of Stage and Flow Changes
Since 1938 the median rise rate of stages at Havana has increased from 0.1 to 0.22, the fall rate from -0.1 to -0.2, and the number of reversals per year has more than doubled (Table 2) . Todd and Sparks (2002) found that reversals were one of three hydrologic factors that explained most of the variability in the catch of young fishes, although other factors covaried with these three. In general, large catches of young fish were obtained when the water level regime mimicked the typical predam hydrograph: a gradual spring rise, a flood duration of several weeks, a slow recession to stable low water levels during the summer, and stable or slowly rising water levels from winter into spring of the next year. Unnaturally rapid changes, including reversals, can disrupt spawning and strand fish eggs in the spring or displace fish from suitable wintering areas.
Summary
Statistically based change-point and IHA analyses were performed by using the available long-term stage and flow records on the Illinois River. Analysis in this study showed that human interferences, such as flow diversion and lock and dam construction on the Illinois River, had a great impact on the hydrologic and hydraulic conditions. It was identified that 1938 and 1972 were two change points for low stage and flow and for high stage and flow conditions on the Illinois River, respectively. The 1938 change was due primarily to the reduction of flow diversion from Lake Michigan since 1938 and the completion of all seven locks and dams on the Illinois River in 1939. The change in 1972 was due to the change of hydrologic conditions such as precipitation in the Illinois River basin. The analyzed results showed that for each pool, locks and dams had more control on river stages and hydrologic conditions in the downstream portion, but flow diversion had a dominant impact on the upstream portion of the pool. On average, river stages for low extreme conditions and for monthly flows were reduced due to reduction of diversion in the upstream portion of the pool, but were raised close to locks and dams. This upstream-downstream pattern has important implications for river conservation and restoration (Ahn et al. 2006; Sparks et al. 2005) . The Nature Conservancy and the Wetlands Initiative have acquired levee districts along the Illinois River from willing sellers and propose to reconnect these areas to the river. A reconnected floodplain that is too close to a downstream dam may not experience the degree of flooding required to exclude trees and encourage moist-soil plants. A floodplain that is too far upstream of the dam may experience unnaturally frequent and mis-timed floods that prevent moist-soil plants and submersed plants from growing at all. The analyses described in this paper, coupled with hydraulic and ecological models, can help with site selection and management plans for these areas.
The analysis also revealed that the minimum stage and flow conditions were delayed significantly, the number of stage and flow reversals increased, and the hydrologic alterations were in the medium to high categories for almost the entire length of the Illinois River. Since flow reversals and unnatural timing of high and low water levels are known to have adverse effects on fish and plants, recovery and maintenance of the river's natural goods and services will require recovery of a more natural range of hydrologic variation.
